Lee S, Park Y, Dellsperger KC, Zhang C. Exercise training improves endothelial function via adiponectin-dependent and independent pathways in type 2 diabetic mice. Am J Physiol Heart Circ Physiol 301: H306 -H314, 2011. First published May 20, 2011 doi:10.1152/ajpheart.01306.2010.-Type 2 diabetes (T2D) is a leading risk factor for a variety of cardiovascular diseases including coronary heart disease and atherosclerosis. Exercise training (ET) has a beneficial effect on these disorders, but the basis for this effect is not fully understood. This study was designed to investigate whether the ET abates endothelial dysfunction in the aorta in T2D. Heterozygous controls (m Lepr db ) and type 2 diabetic mice (db/db; Lepr db ) were either exercise entrained by forced treadmill exercise or remained sedentary for 10 wk. Ex vivo functional assessment of aortic rings showed that ET restored acetylcholine-induced endothelial-dependent vasodilation of diabetic mice. Although the protein expression of endothelial nitric oxide synthase did not increase, ET reduced both IFN-␥ and superoxide production by inhibiting gp91 phox protein levels. In addition, ET increased the expression of adiponectin (APN) and the antioxidant enzyme, SOD-1. To investigate whether these beneficial effects of ET are APN dependent, we used adiponectin knockout (APNKO) mice. Indeed, impaired endothelial-dependent vasodilation occurred in APNKO mice, suggesting that APN plays a central role in prevention of endothelial dysfunction. APNKO mice also showed increased protein expression of IFN-␥, gp91 phox , and nitrotyrosine but protein expression of SOD-1 and -3 were comparable between wild-type and APNKO. These findings in the aorta imply that APN suppresses inflammation and oxidative stress in the aorta, but not SOD-1 and -3. Thus ET improves endothelial function in the aorta in T2D via both APN-dependent and independent pathways. This improvement is due to the effects of ET in inhibiting inflammation and oxidative stress (APN-dependent) as well as in improving antioxidant enzyme (APN-independent) performance in T2D. cardiovascular disease; inflammation; superoxide; vascular biology TYPE 2 DIABETES (T2D) is associated with impairment in endothelial function characterized by impaired endothelial-dependent vasodilation, increased inflammatory cell, and platelet adhesion in both rodents and humans (22, 32, 41, 42, 54) . Accumulating evidence suggests that endothelial dysfunction is an early stage of atherosclerosis (11, 41) . Thus endothelial dysfunction with inflammatory cell and platelet adhesion may contribute to the development of atherosclerosis in T2D. Even though the mechanisms responsible for endothelial dysfunction are not fully elucidated, previous studies indicate that a decrease in nitric oxide (NO) bioavailability may play a central role in endothelial dysfunction in T2D (32, 36, 54) .
are not fully elucidated, previous studies indicate that a decrease in nitric oxide (NO) bioavailability may play a central role in endothelial dysfunction in T2D (32, 36, 54) .
In addition, oxidative stress and chronic inflammation are important pathogenic factors in many diseases including T2D and cardiovascular diseases (CVD) such as stroke, coronary artery disease, and atherosclerosis (8, 19, 28, 32) . Previous studies indicated that reactive oxygen species (ROS) such as superoxide (O 2 ·Ϫ ) readily react with NO to form peroxynitrate (ONOO Ϫ ), which results in decreased NO bioavailability (8, 10, 32, 47) . Oxidative stress is tightly regulated by a balance between production and removal facilitated by enzymatic activity in the healthy condition, whereas cell damage induced by excessive oxidative stress can contribute to diabetes-induced atherosclerosis and coronary artery disease (8, 9) . Other potential triggers for endothelial dysfunction involve proinflammatory cytokines (10, 50) . Proinflammatory cytokines impair endothelial function in animal models and in isolated human veins (3, 10, 33) . Previous studies show that insulin resistance and T2D are associated with increased proinflammatory cytokines such as TNF-␣ and IL-6 as well as decreased plasma adiponectin (APN) (8, 15, 35, 54) . We hypothesize that exercise training (ET) improves endothelial function in the diabetic aorta by suppressing oxidative stress and inflammatory process thereby increasing NO bioavailability.
METHODS
Animals. The procedures were approved by the Laboratory Animal Care Committee at the University of Missouri-Columbia. Male heterozygous control mice (5 wk old; Con; m Lepr db ; background strain: C57BLKS/J) and homozygous type 2 diabetic mice (db/db; Lepr db ; background strain: C57BLKS/J) were purchased from Jackson Laboratory and were housed in animal facility conditioned with 12-h:12-h light/dark cycles and allowed free access to normal chow and water. Control and db/db mice were randomly divided into exercise training (ET) and sedentary (Sed) groups. All ET and Sed animals were euthanized at the age of 16-to 17 wk old. In addition, male adiponectin knockout mice (APNKO) or their age-matched wild-type (WT) mice were purchased from Jackson Laboratory. Mice were 16 -18 wk of age at the time of the experiments. Body weights and nonfasting blood glucose levels with commercial One Touch UltraSmart glucometer (Lifescan, Milpitas, CA) were recorded on a weekly basis.
Exercise performance test. Exercise performance testing followed the methods of Massett and Berk (29) with minor modification. Briefly, all mice were acclimatized to run on a motorized rodent treadmill with an electric grid at the rear of the treadmill (Columbus Instruments, Columbus, OH) over 2 days before conducting an exercise performance test. Acclimation runs were 15 min in duration with a treadmill incline of 0°. Treadmill speed was 10 m/min on day 1 and 12 m/min on the day 2. For the performance test, mice were placed on the treadmill and allowed to adapt to the surroundings for 3-5 min before starting. The treadmill was started at a speed of 8.5 m/min with a 0°incline. After 5 min, the speed was raised to 10 m/min. Speed was then increased by 2.5 m/min every 3 min to a maximum of 30 m/min. Exercise continued until exhaustion, defined as an inability to maintain running speed despite repeated contact with the electric grid and air blow. Each such exhausted mouse was immediately removed from the treadmill when exhaustion was determined and returned to its home cage. This protocol was repeated 9 wk after completion of the training period to access the efficacy of the training regime.
Exercise training. Mice assigned to the exercise group were exposed to 10 wk of training consisting of treadmill running 5 days/wk, 60 min/day at a final intensity equivalent to ϳ50% of VO 2Max attained during the exercise performance test (27, 29) . To allow for animal acclimatization, exercise intensity was gradually increased over the first 4 wk to reach a target of 1 h of daily exercise at a speed of 10 m/min (db/db) and 13 m/min (Con). A daily 60-min exercise consisted of a 10-min warm-up, a 45-min run, and a 5-min cool down.
Functional assessment of the aorta. Under anesthesia, aortae were rapidly excised and rinsed in cold physiological saline solution (PSS) containing (in mM) 118.99 NaCl, 4.69 KCl, 1.18 KH 2PO4, 1.17 MgSO4·7H2O, 2.50 CaCl2·2H2O, 14.9 NaHCO3, 5.5 D-Glucose, and 0.03 EDTA. Fat and connective tissue surrounding aortae were carefully removed using small forceps and spring scissors. Aortae were maintained in PSS in 95% O 2-5% CO2 at 37°C for the entire experiment. 2 mm of aortic rings were isometrically mounted in a myograph (model 610M; DMT, Denmark). After a 15-min equilibration period, an optimal passive tension (15 mN) was applied followed by another 30 min of equilibration. Aortic rings were precontracted with 1 mol/l phenylephrine (PE). A dose-response curve was obtained by cumulative addition of endothelial-dependent vasodilator, ACh (1 nmol/l to 10 mol/l), and endothelial-independent vasodilator, sodium nitroprusside (SNP; 1 nmol/l to 10 mol/l). Relaxation at each concentration was measured and expressed as the percentage of force generated in response to PE. The contributions of NO and superoxide to vasorelaxation were assessed by incubating the vessels with N G -nitro-L-arginine methyl ester (L-NAME; NO synthases inhibitor; 100 mol/l, 20 min) and hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL: a membrane-permeable superoxide dismutase mimetic, 3 mmol/l, 60 min), respectively (12, 54) . Western blot analyses. For Western blot analysis, aortae were separately homogenized and sonicated in 200 l lysis buffer (Cellytic MT Mammalian Tissue Lysis/Extraction Reagent; Sigma) with protease and phosphotase inhibitors (Sigma) at 1:100 ratios, respectively. Protein concentrations were assessed with BCA protein assay kit (Pierce). Equal amounts of protein (5 g or 10 g) were separated by 12% or 7.5% SDS-PAGE and transferred to PVDF or nitrocellulose membranes (Bio-Rad). Endothelial NO synthase (eNOS), SOD-1, SOD-3 APN, IFN-␥, gp91 phox , nitrotyrosine, and ␤-actin (␤-actin) protein expressions were detected by Western blot analysis with the use of eNOS primary antibody (Santa Cruz; 1:200), SOD-1 primary antibody (Calbiochem; 1:1,000), SOD-3 primary antibody (Stressgen; 1:1,000), APN primary antibody (R&D; 1:1,000), IFN-␥ primary antibody (Millipore; 1:500), gp91 phox primary antibody (BD; 1:1,000), nitrotyrosine (Abcam; 1:500), and ␤-actin antibody (Abcam; 1:2,000). Horseradish peroxidase-conjugated secondary antibodies were accordingly used. Signals were visualized by enhanced chemiluminescence (Bio-Rad) and scanned with a Fuji LAS 3000 densitometer. The relative amounts of protein expression were quantified and normalized to those of the corresponding internal reference, ␤-actin, and then normalized to corresponding WT or Con mice, which were set to a value of 1.0.
ELISA assay of serum insulin and APN. Blood was obtained from the vena cava after anesthesia with pentobarbital sodium (50 mg/kg ip). A whole blood sample was held for 30 min at room temperature to allow clotting. The sample was then centrifuged at 2,000 -3,000 g for 10 min at 4°C; the serum was transferred in separate tubes without disturbing blood clots and stored at Ϫ80°C until analysis. The serum insulin and APN levels were measured with commercial kits (Alpco diagnostics and Millipore, respectively) using spectrophotometry according to company protocol. Insulin resistance was determined by using homeostasis assessment model (HOMA-IR) (52) . HOMA-IR used the following formula: HOMA-IR ϭ fasting glucose (mmol/l) ϫ fasting insulin (mU/l)/22.5.
Insulin tolerance test. The tail tip was cut horizontally with sterile scissors and baseline blood glucose was measured using OneTouch Ultramini glucometer (Lifescan). Diluted insulin (porcine pancreas; 1 unit/kg body wt; Sigma) was injected into the intraperitoneal cavity after overnight fasting. Blood glucose was sampled from the tail of each mouse at 0, 30, 60, 90, and 120 min by gently massaging a small drop of blood onto the glucometer strip.
Citrate synthase activity. To see the effect of ET, soleus muscles were harvested from mice hindlimb, and citrate synthase activity was measured by citrate synthase assay kit (Sigma; CS0720) according to company protocol.
Data analysis. All values are presented as means Ϯ SE. Betweengroup differences in body weight, glucose, HOMA-IR, insulin, citrate synthase activity, and relative protein content were assessed by one-way ANOVA using SPSS17. Insulin tolerance test and concentration-response curves were analyzed by two-way ANOVA with repeated measures. For WT and APNKO experiment, t-test was used. Statistical differences were considered significant at the P Ͻ 0.05 probability level.
RESULTS
General characteristics of mice. Soleus muscle citrate synthase activity, as an indicator of oxidative capacity and of mitochondrial density and function, was increased by ET in Con and db/db mice, confirming the efficacy of the ET regimen (Table. 1 ). Body weight of db/db mice was significantly greater than that of Con mice. Exercise did not lower the body weight of either Con or db/db mice. Blood glucose (nonfasting) and serum insulin of db/db mice was significantly greater than that found in Con ϩ Sed mice. Exercise lowered these parameters although they did not reduce to levels found in Con ϩ Sed mice. Insulin resistance (HOMA-IR) of db/db mice was significantly greater than that of Con ϩ Sed mice; exercise lowered HOMA-IR in db/db mice but not significantly (P ϭ 0.123) owing to large variations between mice.
Exercise partially ameliorated insulin resistance in type 2 diabetes. We examined the effects of ET on diabetes-induced insulin resistance in Con and db/db at both 4 wk and 9 wk post-ET. As expected, db/db mice showed severe insulin resistance when compared with Con mice. Exercise improved impaired insulin sensitivity of db/db compared with sedentary db/db but not sufficiently to reach the levels observed in the control mice (Fig. 1) .
Exercise improved aortic endothelial function in type 2 diabetes. Isolated aortic rings from Con and db/db in all treatments dilated in a dose-dependent manner to endothelialdependent and endothelial-independent agonists (ACh and SNP, respectively). ACh-induced vasodilation was significantly impaired in the db/db ϩ Sed compared with the Con ϩ Sed ( Fig. 2A) . Exercise improved ACh-induced dilation in db/db aorta, such that ACh-induced dilation was significantly greater in db/db ϩ ET aorta than in db/db ϩ Sed aorta ( Fig. 2A) . In addition, ACh-induced vasodilation of db/db ϩ ET aorta was not different from those of Con ϩ Sed and Con ϩ ET aortae ( Fig. 2A) . ACh-induced vasodilation was completely inhibited by L-NAME (Fig. 2B ) in all groups. This suggests that relaxation to ACh is dependent on NO. To determine whether antioxidants restore ACh-induced dilation in a manner similar to exercise, experiments were conducted with and without TEMPOL, a cell-permeable SOD mimetic. In the absence of TEMPOL, the response to ACh was significantly attenuated in the db/db ϩ Sed aorta compared with Con ϩ Sed aorta. TEMPOL partially restored ACh-induced vasodilation in the db/db ϩ Sed control (Fig. 3) .
Exercise increased serum and protein expression of APN in the aorta. Protein expression of APN was examined in the serum and in isolated aortae from trained and sedentary Con and db/db mice. Serum and protein expression of APN were significantly decreased in db/db compared with Con. Exercise   Fig. 2 . A: ACh-induced dilation in isolated aortae from Con (m Lepr db ) and db/db (Lepr db ) mice without (Sed) and with 10 wk ET. Endothelial-dependent vasorelaxation to ACh was significantly impaired from aortae of db/db ϩ Sed. ET restored impaired vasorelaxation in db/db but did not improve vasorelaxation in Con. B: N G -nitro-L-arginine methyl ester (L-NAME; 100 mol/l, 20 min) inhibited vasorelaxation to ACh. C: endothelial-independent vasorelaxation was not significantly different among groups. Each mouse aorta generated 1 to 2 rings (n ϭ 6 -10 rings/group). *P Ͻ 0.05 vs. db/db ϩ Sed. Fig. 3 . Endothelial-dependent vasorelaxation to ACh was significantly impaired from aortae of db/db ϩ Sed compared with Con ϩ Sed. Hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL; a superoxide dismutase mimetic) partially restored impaired vasorelaxation in db/db ϩ Sed. Each mouse aorta generated 2 rings (n ϭ 8 rings/group). *P Ͻ 0.05 vs. db/db ϩ Sed.
elevated serum and protein expression of APN in both Con and db/db (Fig. 4) .
eNOS, IFN-␥, SOD-1, and gp91 phox protein expressions in the aorta. The protein levels of eNOS and SOD-1 were not significantly altered by diabetes status. Exercise did not alter eNOS protein content, whereas it increased SOD-1 protein expression in aortae of both Con and db/db (Fig. 5, A and B) . The proinflammatory cytokine, IFN-␥, was markedly increased in db/db, and ET decreased IFN-␥ levels (Fig. 6A) . Protein expression of gp91 phox , a NAD(P)H oxidase subunit, was markedly increased in db/db, but ET decreased protein expression of gp91 phox in the aorta (Fig. 6B) . Deficiency of APN induced endothelial dysfunction. Basic characteristics including body mass, glucose, HOMR-IR, and insulin levels were comparable between WT and APNKO mice ( Table 2) . Next, we investigated the role of APN on endothelial function in the aorta. We confirmed the lack of serum APN and the protein expression in the aorta in APNKO mice (Fig. 7, A  and B) . In aortae isolated from male APNKO mice, AChinduced vasodilation was blunted compared with age-matched WT littermates (Fig. 8A) . However, SNP-induced vasodilation was identical between WT and APNKO (Fig. 8B) .
Deficiency of APN increased protein expression of proinflammatory cytokine and oxidative stress but not SOD-1 and -3.
Protein expression of INF-␥, a proinflammatory cytokine, in the APNKO aortae was significantly elevated compared with WT mice (Fig. 9A) . In addition, protein expression of both gp91 phox and 30 kDa nitrotyrosine was greater in APNKO mice compared with WT (Fig. 9, B and C) . However, 50 kDa nitrotyrosine, SOD-1, -3, and eNOS protein expressions were comparable between WT and APNKO mice (Fig. 9, C-F) .
DISCUSSION
The endothelium plays a key role in regulating vascular homeostasis and exerts vasoprotective effects such as vasodilation, suppression of smooth muscle cell growth, and inhibition of inflammatory responses (11, 41) . A major vasodilator substance released by the endothelium is NO (9, 11, 12) . Reduced NO bioavailability by both decreased production and inactivation of NO is associated with the initiation, progression, and complications of atherosclerosis (9) . Because endothelial dysfunction is considered to be an early stage of atherosclerosis, understanding the mechanisms involved is a major goal for devising therapeutic treatments for atherosclerosis (11) . Previous studies showed inconsistent effects of exercise on eNOS expression in the vasculature. For example, several groups reported that both low and moderate exercise increased eNOS protein expression, whereas others indicated that exercise did not change the expression of eNOS in the vasculature (12, 32, 37, 55) . In addition, Bitar et al. (5) showed that diabetes increased eNOS protein, whereas our previous study showed that diabetes status was not associated with a change in eNOS protein expression within the aorta (54) . These discrepancies may be derived from differences in types and intensity of exercise, age, and disease status of the animals.
Our major findings are 1) ET regimen rescues aortic dysfunction in T2D; 2) ET results in increased antioxidant, Fig. 4 . The role of ET in adiponectin expression in serum and aorta. A: protein expression of serum adiponectin showed significantly lower expression in db/db ϩ Sed compared with Con ϩ Sed. However, ET increased adiponectin expression in both Con and db/db (n ϭ 4 to 5). B: protein expression of adiponectin from aortae showed a similar pattern to that seen in the serum (n ϭ 5). *P Ͻ 0.05 vs. Con ϩ Sed; #P Ͻ 0.05 vs. db/db ϩ Sed. A: protein levels of eNOS were not altered by diabetes status. ET did not increase protein expression of eNOS in either Con or db/db (n ϭ 5). B: protein levels of SOD-1 were not changed by diabetes status. However, ET increased SOD-1 protein expression in both Con and db/db mice (n ϭ 6). *P Ͻ 0.05 vs. Con ϩ Sed; #P Ͻ 0.05 vs. db/db ϩ Sed. SOD-1, and APN in db/db mice; 3) ET may attenuate inflammation and macrovascular oxidative stress by inhibiting gp91 phox -dependent NAD(P)H oxidase activation via an APNdependent manner; and 4) APN plays a role in preventing endothelial dysfunction in T2D.
Role of ET in endothelial function independent of the changes in body weight, hyperglycemia, and insulin sensitivity.
Numerous studies recommend that increased physical activity is beneficial to prevent and/or ameliorate T2D and CVD by improving hyperglycemia, body weight, and insulin sensitivity (6, 51) . Although these three factors are important considerations in abating diabetes-induced vascular dysfunction, beneficial effects of ET also can occur independently from these factors (17, 32, 54) . In our study, 10 wk of moderate ET did not decrease body weight of db/db mice because this animal model is a knockout of the leptin receptor, which maintains an obese state by increased food intake (Table 1) . Although ET partially improved hyperglycemia and hyperinsulinemia, it did not decrease these parameters to those found in healthy control levels (Table 1) .
Antioxidant effects of ET. Excessive oxidative stress defined as an imbalance between production and removal of superoxide facilitated by enzymatic activity is one of the major factors contributing to endothelial dysfunction in diabetes and CVD (5, 9, 54) . NO is highly reactive with superoxide to form peroxynitrite, which results in decreased NO bioavailability. There are multiple cellular sources of superoxide such as NAD(P)H oxidase, xanthine oxidase, the mitochondrial respiratory chain, arachidonic acid metabolism, and uncoupled eNOS when substrate or cofactors are not available (5, 7). Prior work showed activation of the vascular isoform of NAD(P)H oxidase contributes to superoxide formation in diabetes (13, 38, 54) . Additionally, inhibition of ROS generation both by genetic deficiency and by pharmacological blockage of gp91 phox decreased production of superoxide in diabetes (13, 38, 54) . We showed that gp91 phox protein expression in db/db is increased, suggesting that upregulation of gp91 phox is associated with apocynin-inhibitable NAD(P)H oxidase-derived superoxide production (54) . In our study, ET decreased protein expression of gp91 phox in db/db, suggesting that downregulation of gp91 phox by ET, which contributes to a reduction in NAD(P)H derived-superoxide production and consequently improvement of endothelial function in db/db (Fig. 6B) . Apart from superoxide production, oxidative stress also can be regulated by antioxidant enzymes. SODs are enzymes that scavenge superoxide to form hydrogen peroxide and play a role in preserving NO bioavailability in the vasculature (32, 47) . In our study, db/db mice showed decreased endothelial function compared with Con, but TEMPOL incubation partially restored endothelial function in db/db, suggesting an increase of antioxidant enzymes may contribute to restoring endothelial function (Fig. 3) . Indeed, ET upregulates SOD-1 protein expression in both Con and db/db. But SOD-2 protein expression was minimal in the aorta (data not shown). Therefore, we suggest the effect of ET in T2D is by decreasing production of superoxide and increasing antioxidant activity.
Anti-inflammatory effects of ET.
Recent studies showed that inflammation plays a key role in coronary artery disease and other manifestations of atherosclerosis (19, 20) . Atherosclerosis is an inflammatory disease in which immune mechanisms interact with metabolic risk factors such as hyperglycemia, hyperlipidemia, and elevated blood pressure to initiate, propagate, and activate lesions in the arterial tree (19, 39) . The atherosclerotic process is initiated with accumulation of cholesterol-containing low density lipoproteins in the intima (19, 20) . When the endothelium is activated, leukocyte adhesion molecules and chemokines promote recruitment of monocytes and T cells (19, 20) . T cells in lesions recognize local antigens and mount T helper-1 responses with secretion of proinflam- Fig. 8 . A: concentration-response curve showed that endothelial-dependent vasorelaxation to ACh was significantly impaired in aortae of APNKO. B: endothelialindependent vasorelaxation to sodium nitroprusside was comparable between WT and APNKO. Each mouse aorta generated 1 to 2 rings (n ϭ 13-26 rings/group). *P Ͻ 0.05 vs. WT. matory cytokines (TNF, IFN-␥) that contribute to local inflammation (19, 20) . Of these cytokines, IFN-␥ improves the efficiency of antigen presentation and increases synthesis of the TNF and IL-1 (19, 44) . Furthermore, IFN-␥ promotes macrophage and endothelial activation with production of adhesion molecules, cytokines, chemokines, oxygen-derived free radicals, proteases, and coagulation factors (19, 20) . Indeed, apolipoprotein E-knockout mice lacking INF-␥ are inhibited in the development of atherosclerosis, suggesting that IFN-␥ contributes to development of atherosclerosis (18) . In our study, aorta protein expression of INF-␥ is increased in db/db mice compared with control mice. Exercise decreased IFN-␥ in the aorta, suggesting that ET inhibits endothelial dysfunction, in part, by ameliorating the inflammation process (Fig. 6A) .
Role of APN in endothelial dysfunction. Adiponectin is a 30 kDa protein exclusively secreted by adipose tissue and plays a protective role against the development of diabetes and atherosclerosis (14, 23, 26, 30, 48, 53) . Plasma levels of APN are markedly reduced in diabetic patients as well as rodent models of diabetes (21, 25, 40, 45) . In addition, numerous epidemiological studies showed that reduced APN levels correlate with CVD (16, 56) . Several clinical observations also demonstrated reduced APN is associated with impaired endothelial-dependent vasodilation (34, 43, 46) .
Aging is one of the major risk factors for the development of CVD (49) . Adiponectin levels increase with age; however, patients who have diabetes or obesity show lower plasma APN (1, 24, 31) . Several studies indicate there may be a survival advantage conferred by the beneficial cardiometabolic protective effects of APN (2, 4). Atzmon et al. (2) showed that genotypic characteristics of longevity linked to higher circulating APN have been found to be more common in centenarians than in control group. More studies are required to address mechanisms underlying APN and aging process.
In our study, serum and aorta protein expression of APN were significantly decreased in db/db mice, but following 10 wk of exercise improved APN contents in serum and in the aortae of these mice (Fig. 4) .
Because our diabetic mice showed decreased both serum and aorta protein expression of APN and ET conferred restoration of the levels, we hypothesized that APN may play an important role in remediating endothelial dysfunction in diabetes. Using APNKO mice, we demonstrated that endothelial-dependent vasodilation was significantly reduced in isolated aortae from APNKO mice compared with WT mice, suggesting reduced APN levels in diabetes may be a main factor contributing to endothelial dysfunction (Fig. 8 ). Immunoblots were used to investigate mechanisms of APN-dependent anti-inflammatory and antioxidant effects. Our preliminary results have demonstrated that protein expressions of antioxidants, SOD-1, -3, and eNOS were normal in APN-deficient mice (Fig. 9, D-F) , suggesting that endothelial dysfunction in APNKO mice is independent of these factors. We showed that increased IFN-␥, gp91 phox , and nitrotyrosine (marker for peroxynitrite) occur in AP-NKO mice, suggesting that APN may inhibit oxidative processes that lead to inflammation and CVD (Fig. 9) .
Conclusion
In conclusion, the major finding of this study is that exercise training: 1) improved ACh-induced dilation in diabetes-related endothelial dysfunction of aorta; 2) both serum content and aorta protein expression of APN were increased in training in diabetic mice; 3) SOD-1 protein expression was increased by ET in diabetic mice, whereas aorta expression of eNOS was not changed by ET. Interestingly, increased APN by ET may inhibit inflammation by reducing IFN-␥ and oxidative stress in diabetes. In addition, ET ameliorated endothelial dysfunction by increasing antioxidant enzyme, SOD-1 via an APN-independent mechanism. Our ET results for diabetic mice show improved endothelial function, suggesting that exercise intervention promotes NO bioavailability and suppresses oxidative/ nitrative stress to reduce diabetes-induced endothelial dysfunction. We suggest exercise has a role as effective intervention in restoring endothelial function to diabetics via both APN-dependent and independent pathways.
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